A comprehensive computer model is devised for the simulation of AWD off-road vehicle dynamics. A full drivetrain system including all aspects of rotational inertial dynamics, friction, damping and stiffness properties are integrated within a fourteen-degrees-of-freedom vehicle model. For off-road simulations the terra-mechanical phenomena between tyres and deformable soils has also been taken into account. Simulations include viscolock devices, as well as conventional mechanical torque distribution systems. The interaction between all the aforementioned aspects is implemented in the MATLAB/SIMULINK/SimDriveline environment. Particular attention has been paid to the modelling of various visco-lock devices, including the viscous couplings of shafts and visco-lock limited-slip differentials. The selection and tuning of such devices is usually based on a trial and error approach, which is time consuming and expensive. In the present work, these devices are represented by fully parameterised physical models which capture the torque transmission mechanism represented by various thermodynamic, hydrodynamic, structural and mechanical modules. The characteristics of these devices can easily be altered so that comparisons can be made between different types. In addition, the influence of a wide range operating conditions, vehicle design parameters and tyre characteristics can also be made over various deformable soils. Both viscous shear and self-torque amplification (hump) have been considered. The viscous fluid is considered to be non-Newtonian with appropriate shear rate and temperature dependent characteristics.
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Introduction
Until 1980s 4WD was almost exclusively used for off-road vehicles. Today, nearly every American, European and Japanese vehicle manufacturer runs a special program for AWD vehicles. Systems used range from manual second axles through to computer controlled traction systems (Mohan and Williams, 1995) . The rapidly increasing applications of AWD, particularly in the passenger vehicle sector demands the development of vehicles, not only with higher traction and acceleration capabilities, but also with better manoeuverability over deformable soil. Although improving traction performance is a main consideration for off-road vehicle applications, handling behaviour is an important aspect of modern vehicles, which requires capability to undergo high lateral accelerations, whilst maintaining good level of directional stability. The desired increase in mobility must be reached without making any compromises regarding safety or ease of operation or driver comfort.
Consequently, optimisation between traction performance and lateral stability has become a complex task.
A peculiarity of AWD off-road vehicles is that their handling performance not only depends on the total tractive effort, but also on torque distribution between the driving wheels. Over the years a considerable volume of research has been carried out to investigate 4x4 vehicle behaviour fitted with different drivetrain configurations, (Maretzke and Richter, 1986; Tani et al.,1987; Danesin et al., 2004) . However, the mechanism of tyre force generation is represented by empirical on-road tyre models and the road conditions are simplified and reduced to representation by a coefficient of adhesion. This approach should not be extended to off-road vehicles, because the interaction between pneumatic tyres and deformable soil is complex and includes many effects, such as sinkage, multipass and slip sinkage.
An innovation in the field of permanent AWD is the use of visco-lock devices (viscous couplings and visco-lock limited slip differentials) not only to fulfil torque split and transfer function, but also to work as self-controlling devices. Some research work to investigate the contribution of visco-lock devices on 4x4 vehicle behaviour has been reported, for example in (Hall, 1986; Lugner et al., 1987; Hoeck and Gasch, 1999) . However, the transmitted viscous shear torque is introduced, using simple empirical equations or look-up tables, including data fitted from experimental measurements. On the other hand, some mathematical investigations of shear generation in rotary viscous couplings have shed light on the complex sequence of events that result in hump or self-induced torque amplification (Mohan and Ramarao, 2003) . Hitherto, there has been a lack of integrated approach for implementation of visco-lock devices in a full vehicle simulation environment, especially for off-road automotive applications.
This paper addresses dynamic performance of permanent AWD off-road vehicles, using visco-lock devices. The basic vehicle dynamics method is reported in (Sharaf et al., 2006; 2007a; 2007b) , including the influence of a number of significant parameters (such as mechanical properties of various soils, loading conditions and tyre inflation pressure) on both traction and handling performance. Here, the reported initial approach is extended by inclusion of a detailed tribo-dynamic module for visco-lock devices. Additionally, the tuning process for such units is established in a simulation environment by altering the rheology of the silicone fluid to achieve the required vehicle performance.
Theoretical Formulation

The Tyre Model
The employment of a detailed model of any drivetrain system would be meaningless without an equally elaborate representation of the tyre-soil interactions. For this reason, the newly developed AS 2 TM Soft Soil Tyre
Model is used. The model accounts for the pressure-sinkage in the vertical direction, and the shear-tensiondisplacement in the horizontal direction. Both phenomena are particular to off-road tyres and affect the tyre-force generation process to such an extent that typical tyre models for rigid roads cannot be employed for the simulation of the interaction between tyres and soft soils. The main features, limitations, and mathematical representation of the off-road tyre model can be found in many references, for example (Harnisch et al., 2005) .
The Vehicle Model
The vehicle is divided into five masses. These are: the vehicle mass (sprung, or body mass concentrated at its centre of gravity) and located above the suspension springs, and four unsprung masses, which represent the assemblies: wheels, axles, and suspensions. The vehicle body is assumed to be rigid, with mass ( ) According to the SAE recommended frame of reference, these motions are observed relative to the vehicle-fixed local frame of reference, as shown in Figure ( 1). The vehicle attitude and trajectory through the course of a manoeuvre are defined with respect to a right-handed orthogonal frame of reference, fixed on the ground, referred to as the global frame of reference. This is located directly beneath the vehicle's body-fixed coordinate system at the point, where the manoeuvre has commenced. Another four coordinate systems for the wheels are added to represent each wheel motion independently. Relative transformations are employed to express various states in different frames of reference.
The equations of motion for the non-linear, unsteady motion of the vehicle sprung mass are based on the Newton-Euler formulation for translational and rotational motions. These are derived with respect to the local frame of reference. Simplifications may be carried out by assuming the local frame of reference to be located at the vehicle sprung mass C.G. To further simplify the calculations, symmetry is assumed in the x-y and y-z planes. Thus, the x-y and y-z products of inertia can be neglected. However, symmetry is not assumed in x-z plane, so ( )
is included in the angular equations of motion.
The equations of motion of the sprung mass are thus written as follows:
Longitudinal dynamics :
Lateral dynamics :
Vertical dynamics :
Roll dynamics :
Pitch dynamics :
Yaw dynamics :
∑ is the net force, acting on the vehicle body in the longitudinal direction. This results from the tyre forces ( ) xi F ∑ due to both traction/braking and cornering, transformed from the wheel coordinate system to the bodyfixed system, using the steer-angles. Both aerodynamic and drag resistance due to uneven roads are also taken into account.
( )
Y F
∑ is the net lateral force, expressed as a projection of the net tyre forces on the vehicle y-axis, using the steer-angles.
∑ is the net force, affecting the vehicle body in the vertical direction which is calculated as a difference between vehicle body weight and suspension forces. The effect of inclined road surfaces is also taken into consideration.
The unsprung mass dynamics are included by considering each wheel to have a mass ( ) Unsprung mass (1) :
Unsprung mass (2) :
Unsprung mass (3) : 
Unsprung mass (4) : 
Calculation of the wheel spin velocity ( ) 
Wheel dynamics :
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The Drivetrain Model
The drivetrain model embodies the dynamic characteristics of a typical 4x4 vehicle including the engine, clutch, a Figure: 1 Free body diagram of the vehicle model
Visco-Lock Device Models
The viscous coupling unit forms the core of an entire family of visco-lock devices, Figure ( 2). In general, it can be connected in series between front and rear axles to act as a viscous transmission element (VT), or it can be connected in parallel with an ordinary differential to act as a viscous control element (VC). In a parallel connection, there are two common ways of installing the viscous unit. These are: the shaft-to-carrier and the shaft-to-shaft layouts. In a shaft-to-carrier layout, one set of plates is splined to the differential carrier, whilst the other set of plates is splined to the differential gear on one side which, in turn, is of course splined to its shaft. On the other hand, with a shaft-to-shaft arrangement, the plates are connected alternately, one set to each of the differential gears.
The viscous coupling unit consists of one set of inner plates which is splined to a driving shaft and another set of outer plates, which is then splined to the outer drum, which in turn is rigidly connected to the driven shaft. The plates are separated by a thin film of silicone fluid. The main mechanism for torque transfer is based on the shearing of this fluid film. Therefore, the generated resistive torque of the viscous coupling is dependent on the relative speed of the rotating contacting elements, plate's dimensions and the rheology of the silicone fluid. It should be noted that, generally, there are two modes of viscous coupling operation; one is through the usual viscous shearing action and the other is the self-torque amplification (hump) mode. 
Where ( ) m is the slope of viscosity-shear rate curve. A correction for viscosity must be carried out by substituting the viscosity given by equation (13) and integrating over the shearing area, which yields the following equation:
Non-Newtonian fluid and isothermal :
The work done in shear on the fluid is converted to heat ( ) Q and raises the temperature of the fluid. If the duration of a test is small compared to the characteristic thermal diffusion time for the system, then the system may be considered to be adiabatic and all the energy may be assumed to go into the core of the viscous coupling. If the instantaneous torque and rotational speed are known, then the effective rate of heat generation may be equated to the shear work done
. Consequently, the temperature rise ( ) ϑ Δ can be calculated as follows:
During the computation, for each time step ( ) 
The calculated viscous shear torque is plotted, Figure ( 3), for all the derived models during a ramp increase in speed from 0 to 100 rpm in 10 seconds. The non-Newtonian, adiabatic calculation shows good correlation with the experimental results from a number of 10 sec runs up to 100 rpm. A peculiarity in the design of rotary viscous coupling is that its plates include slots and perforations. Also the inner plate tabs are produced with an edge , the circled numbers are described in Figure ( 
Tab twisting angle :
Hydrodynamic pressure :
Net axial force / plate :
Coulomb friction torque :
( ) (
Total transmitted torque :
The change in silicone temperature due to shear and Coulomb effects is calculated by making some simplifying assumptions of lumped-mass and one-dimensional thermal conduction model. The generated viscous shear and the Coulomb friction work done by the rotating plates are converted into heat ( ) Q , which is calculated as follows:
It is assumed that the viscous coupling core, consisting of the fluid and the plates, is at a homogenous temperature ( ) ( )
Heat is dissipated from the outside housing surface at ( ) 
Two other relations can also be obtained from the heat balance from core to the housing and from the housing to air as follows:
The parameters ( ) mc c and ( ) Another criterion is based on that proposed by Wong (1970) and Wong et al. (2000) , in which the performance of a cross-country vehicle can be evaluated in terms of its tractive efficiency. This approach is extended here to 
( ) m η : represents the efficiency which is a measure of losses incurred in transforming the available driving torque at the driven wheels ( ) M di to the successfully pull at the drawbar ( )
Motion efficiency :
( ) s η : represents the slip efficiency, which characterizes the power losses and also the reduction in forward speed of the vehicle due to slip of the driven wheels. This part of the power dissipates through the sliding of the tyre relative to the terrain surface and internal shearing of terrain material between the tyre lugs. The slip efficiency not only affects drawbar power, but also closely relates to tyre wear. Usually, slip is a major source of power loss during the operation in the field. In general, the slip efficiency can be determined from the ratio of power loss due to slip to the power available at the driven wheel.
Slip efficiency :
represents the efficiency of the transmission, which characterizes the losses in power from the engine to the driven wheels. It can be given as follows:
Transmission efficiency :
Figure (5), shows the variation of efficiency, longitudinal slip with drawbar pull. The simulation is carried out for a rigid-drive 4x4 vehicle on clay and loam soil, see table (1). It should be noted that motion efficiency reflects the ability of the soil (in terms of shear and sinkage properties) to support the thrust force, while slip efficiency reflects the utilization of the distributed torque to propel the vehicle forward. It is clear that, for the same concept driveline, due to the higher shearing strengths and lower sinkage properties of clay soil, higher maximum values of drawbar pull and the tractive efficiency can be observed. Handling Criterion: A typical off-road AWD vehicle with a ramp-steer manoeuvre (at a constant forward speed of 75 Km/h) is considered to assess its handling performance. The steer-angle is increased slowly, whilst driving on a deformable clay soil. The vehicle's response in terms of lateral acceleration is calculated and plotted against steer angle in order to obtain a picture of its handling performance (Wong, 2001) . It should be noted that the vehicle is considered to understeer when the slope of the resulting curve is greater than that for the neutral steering case, and to oversteer when the slope is less than the same.
RESULTS AND ANALYSIS
With regard to the aforementioned criteria, both the traction capability and the directional stability of a typical 4x4 vehicle are investigated over deformable clay soil. The vehicle's main design parameters are kept the same as before, except for the way torque is distributed between the axles. The inflation pressure is assumed to be 1 bar for all tyres. The weight distribution between front and rear axle is (40:60%) respectively. Simulation results of visco-lock devices include viscous coupling and a visco-lock differential. These are ploted and compared with the ordinary mechanical devices such as a differential (open/locked), as well as the transfer case with a mechanically biased torque.
Different Drivetrain configurations:
Before discussing the influence of torque distribution devices on the performance of a 4x4 off-road vehicle, it is useful to introduce the significant role of static load distribution between the front and rear axles. In general, when the axle load increases, both the ground pressure and tyre contact length increase accordingly.
Consequently, the maximum soil shear strength and thus the circumferential force is enhanced (circumferential force: resulting from the Integration of local shear stress over the tyre-soil contact area). This increases the ability of the tyres to develop larger tractive forces without causing excessive slip (tractive forces: the horizontal component of the shear stress integral over the contact area ). On the other hand, when the axle weight is increased, both the tyre sinkage and rolling resistance also increase.
Handling characteristics are affected by sinkage due to additional lateral forces generated at the tyre sidewalls.
At higher sinkage, significant tyre sidewall forces may occur, which can be explained by the soil cutting theory, (Wong, 1989) . According to this theory a stress field occurs in the soil, based on passive soil failure, which is developed using the Mohr's circle technique. This additional lateral force is determined by integrating the passive soil pressure over the tyre sidewall for a given sinkage distribution of the tyres. Generally, the reference vehicle has more weight on its rear axle, and due to these effects, the resulting equivalent cornering stiffness is higher than that developed at the front axle. Consequently, the under-steer coefficient is increased and the vehicle becomes more under-steering with an increased turning radius and a reduced yaw velocity.
The main characteristic of this type of drivetrain is that the ratio of angular velocity of the front wheels to that of the rear wheels may vary depending on the operating conditions, but the ratio of the torque distribution between the front and rear wheels is invariable and limited by the lowest traction side (carrying the least weight). Therefore, drive-train torsional wind-up never occurs under any conditions.
However, both the maximum drawbar pull and the tractive efficiency still depend on the slips of both front and rear wheels and will only be high if these are equal. In order to achieve high operational efficiency, the weight distribution and other factors must be carefully controlled. For equal torque distribution (inherent of open differential) and dynamic radii of tyres (assumed), the rear axle-tyres are subjected to higher rolling resistance due to higher vertical weight and sinkage. As a result, the net tractive force and thus the longitudinal slip at the rear axle-tyres will be lower than those developed at the front axle-tyres. Consequently, the generated lateral forces at the rear axle will be higher than those at the front axle. On the other hand, the lateral load transfer from inwards to outwards during cornering causes a considerable increase of the tractive force at the inward tyres.
The combined effect results in a more under-steering, especially at high lateral accelerations, see Figure ( 6).
The main characteristic of this type of drivetrain is that the ratio of angular velocity of the front wheels to that of the rear wheels is invariable, but the ratio of the torque distribution between the front and rear wheels may vary depending on operating conditions. Under the condition of equal dynamic tyre radii for the front and rear tyres, they are forced to rotate at the same driving speed, thus the slip of all tyres become equal and regulated by that of the tyre with most traction. Therfore, the slip values at all four corners are automatically adjusted in favour of traction and the performance is no longer affected by the weight distribution.
However, under given steering conditions, the kinematics of the vehicle require that the front and rear wheels follow different paths with different translational speeds. In this case, tractive slip at the front will reduce and skidding might occur in extreme cases, with the subsequent generation of braking forces at the front. On the other hand, the rear wheels slip, generating a forward thrust. Under these circumstances, torsional wind-up in transmission occurs, resulting in premature failure of the driveline components and/or excessive wheel slippage depending on tyre-soil conditions (Wong, 2001 ).
The rear axle with a larger weight and, therefore, relatively higher shear strength is able to develop a larger driving torque than the front axle. The slip at the front is limited by the slip at the rear and the front tyres improve their potential of lateral force generation. This shifts the handling behaviour towards less understeer, when Visco-lock devices: The common feature of such devices is that the torque cannot be transmitted unless there is a speed difference between the input and output shafts. Therefore, these are termed speed sensitive devices.
In other words, visco-lock devices act as a passive traction control system to regulate torque distribution between axles according to the speed difference (or slip) between them. If the speed difference (or slip) between axles increases, visco-lock devices bias (send) more torque to the side with a lower speed (front axle). The effect is, therefore, to deliberately introduce a ratio (smaller than unity) of the theoretical speed of the front wheel to that of the rear. This ratio can be tuned or optimised according to the viscous unit design parameters (as It should be noted that, for a given speed difference, the shaft-to-shaft layout exhibits approximately three times the locking torque of the shaft-to-carrier design. It is, therefore, this represents the preferred option for applications in which the space is available and high torque is to be transmitted.
Static Split Ratio of Driving Torque Distribution:
For the purpose of this analysis, a transfer case is used to statically split the driving torque at different fixed ratios. The results of the computations show that, torque distribution between front and rear axle affects the tractive efficiency (particularly slip efficiency) of a 4WD vehicle considerably, see Figure (7). A slight variation in torque distribution causes considerable changes in the tractive efficiency, as well as the handling characteristics.
Since the reference vehicle has a greater weight on the rear axle, it is obvious that in order to improve the tractive efficiency, the driving torque should also be distributed in a matching manner according to the weight distribution. However, in reality, it is unacceptable to design the vehicle with a fixed scenario of weight distribution between the axles, as both static and dynamic variations in weight distribution would alter the optimum value of torque distribution between the axles. The above theoretical analysis leads to the conclusion that in order to achieve the maximum efficiency, the important issue in the design and operation of a 4WD vehicle is to match the driving torque distribution with the weight distribution and with the terrain conditions, so that the slip of the front and rear wheels are close under a wide range of operating conditions. It should be pointed out that, the inefficient distribution of the driving torque not only wastes the power, but can also cause excessive tyre wear. The importance of the analysis of the effect of static distribution of driving torque is that it improves understanding and aids the optimisation of visco-lock devices for traction.
From a handling performance view point, biasing more torque to the rear axle would reduce the longitudinal slip at the front and, consequently, increase the lateral force generating potential at the front. At the same time, the counteracting side force at the rear would be reduced. The additional yaw moment shifts the handing characteristics towards oversteer, a fact which in turn reduces the stability and controllability of the vehicle.
Generally, In order to optimise vehicle performance, the ratio of torque distribution between the front and rear axles must be carefully controlled in order to guarantee not only higher traction, but also an acceptable level of controllability and stability.
Visco-lock device Tuning:
Visco-lock devices are designed not only to transmit torque, but also to control its distribution. The transmitted torque must satisfy specific requirements for vehicle performance. Torque characteristics depend on the fluid rheology, number of plate pairs, the gap between them and the fluid filling percentage. However, because these devices act as passive control systems, they require tuning (optimisation) before installation into the drive-train system. In reality, this process is carried out by empirically changing the silicone fluid properties in a trial and error approach, which is time consuming and expensive. 
Using a silicone fluid with a higher viscosity (for example, fluid A) makes the unit stiffer with a higher torque capacity factor. This enables larger torques to be transmitted, and thus, the controllability of variables such as rotational speed and slip difference between front and rear axle would be reduced.
It should be noted that, the way viscous coupling is installed in the drivetrain depends on the static ratio of weight distribution between axles. As the reference vehicle carries more weight on the rear axle, the primary drive is to the rear axle and the secondary drive axle via the coupling to the front axle.
This leads to a conclusion that, for viscous coupling (VC), a higher torque capacity factor would increase the locking effect of the unit and set the vehicle performance towards the rigid 4x4 coupling (O-L-O) characteristics, while a lower torque capacity factor would shift the vehicle performance towards the rear wheel drive (RWD) characteristics.
For the visco-controlled differential (LSD), higher torque capacity factor shifts the vehicle performance towards 
CONCLUSIONS
A comprehensive numerical approach to fully implement detailed visco-lock devices in a full vehicle simulation environment is carried out. The integration of all modules results in a multi-physics platform which combines the dynamics of a 4x4 drive-train system with the vehicle body dynamics, as well as the terra-mechanical phenomena between tyres and deformable soils. Both traction and handling characteristics are examined for various types of drive-train configurations, as well as different scenarios of torque distribution between the front and rear axles, including mechanical and visco-lock devices.
The investigation shows that, vehicle weight distribution is a crucial parameter, which must be taken into account during the optimisation process of AWD off-road vehicle performance. For a given ratio of weight distribution, except for the locked centre differential configuration, the traction capabilities are adversely affected. In order to achieve the maximum tractive efficiency, the driving torque should be distributed to match the weight distribution between the front and rear axles in a manner as to minimize the slip difference between them. In the case that, more torque should be sent to the rear axle, a conflict with the vehicle stability would occur and handling would tend to oversteer. For mechanical torque distribution devices, a fixed ratio of torque bias can be carefully selected by appropriately setting the gearing design. On the other hand, for visco-lock devices this torque bias ratio can be tuned-up by carefully selecting the silicone fluid rheological parameters.
The results show that, using fully parameterised physical models of visco-lock devices, the optimisation between traction performance and handling characteristic can be achieved within a virtual prototyping environment.
Consequently, the simulation model should prove useful to the manufacturers of AWD off-road automotive applications in the determination of the gearing/coupling method, which would produce the characteristics best suited to a proposed vehicle.
Hitherto, the behaviour of the visco-lock devices has been validated using an experimental test-rig. In terms of the vehicle dynamics model, validation has been carried out in on-road mode of operation and simulation results have shown good agreement with experimental measurements performed using a passenger car. However, it
has not yet been possible to assess the accuracy of the off-road simulation as a whole. Some of the difficulties involved include the requirement of soil and off-road tyre parameters identification, as well as repeatability problems related to driving over macro-and microscopically rough surfaces. Hence, the validation of the off-road simulation will form the basis of future work.
